Abstract The Chemcatcher passive sampler, which uses Empore™ disks as sampling phase, is frequently used to monitor polar organic chemicals in river water and effluents. Uptake kinetics need to be quantified to calculate timeweighted average concentrations from Chemcatcher field deployments. Information on release kinetics is needed if performance reference compounds (PRCs) are used to quantify the influence of environmental conditions on the uptake. In a series of uptake and elimination experiments, we used Empore™ SDB disks (poly(styrenedivinylbenzene) copolymer modified with sulfonic acid groups) as a sampling phase and 22 compounds with a logK ow (octanol-water partitioning coefficient) range from −2.6 to 3.8. Uptake experiments were conducted in river water or tap water and lasted up to 25 days. Only 1 of 22 compounds (sulfamethoxazole) approached equilibrium in the uptake trials. Other compounds showed continuing non-linear uptake, even after 25 days. All compounds could be released from SDB disks, and desorption was proportionally higher in disks loaded for shorter periods. Desorption showed two-phase characteristics, and desorption was proportionally higher for passively sorbed compounds compared to actively loaded compounds (active loading was performed by pulling spiked river water over SDB disks using vacuum). We hypothesise that the two-phase kinetics and better retention of actively loaded compounds-and compounds loaded for a longer period-may be caused by slow diffusion of chemicals within the polymer. As sorption and desorption did not show isotropic kinetics, it is not possible to develop robust PRCs for adsorbent material like SDB disks.
Introduction
Passive sampling technology has been used successfully to monitor volatile contaminants in the air [1] and organic contaminants in the water [2] . During the last decade, there has been an increasing interest in polar organic compounds in the aquatic environment. Although these compounds do not readily accumulate in organisms, their continuous use and discharge patterns make them pseudo persistent, and they have been shown to affect wildlife [3, 4] . As a result of this interest, and increasing monitoring requirements for such compounds [5, 6] , there is a growing interest to develop passive samplers for polar organic compounds [7] .
Currently, there are two main types of samplers for polar organic compounds: POCIS (polar organic chemical integrative sampler) [8] and Chemcatcher [9] . Both use adsorbent material such as Oasis HLB or styrenedivinylbenzene (SDB) polymers, which are well suited to undergo reversed phase and ion exchange interactions with polar substances. Studies dealing with these samplers typically cover the establishment Electronic supplementary material The online version of this article (doi:10.1007/s00216-013-6878-1) contains supplementary material, which is available to authorized users.
of sampling rates (R S , in liters per day) in the lab and subsequent field deployments. The amounts of passively sampled chemicals in the field are then divided by the sampling ratesmultiplied by the deployment time-to arrive at time weighted average (TWA) water concentrations (e.g. [8, 10, 11] ).
A Chemcatcher is based on Empore™ disks, where the sorbents are immobilised in a Teflon support and can be exposed to the water either with or without a diffusionlimiting membrane. In contrast, membranes are needed to retain the sorbent in a POCIS. If Empore™ disks are used without a membrane, they will sample a wider range of chemicals and with higher sampling rates [12] . Low selectivity is very important when combining passive sampling with biological analysis, to prevent exclusion of unknown toxicants [13] . Higher sampling rates suit relatively short deployment windows (a few days) for monitoring selected peak events. Using an Empore™ disk without a membrane, even with a sampling window of a few days, provides enough extract to run multiple chemical and biological analyses [14] .
In order to use Empore™ disks for monitoring pollutants and for calculating TWA concentrations, information on R S is needed, and it is important to know the duration of the integrative sampling period (i.e. the time required for the sorbent to reach half the equilibrium state). One aim of our study was to provide this information and perform sorption experiments for a suite of 22 chemicals. To have a broad scope, we covered chemicals with a large range of hydrophobicity; logK ow (octanol-water partitioning coefficients) ranged from −2.6 to 3.8. Furthermore, the compounds covered several application classes: herbicides, pharmaceuticals and industrial chemicals as well as neutral and ionogenic compounds. One 8-day sorption experiment was conducted in an environmentally relevant matrix-river water carrying some effluent-to ensure that sorption kinetics were established under conditions similar to those that prevail when the passive sampler is used in field studies. A second experiment ran for 25 days and was performed under accelerated conditions (higher temperature, reduced aqueous boundary layer) and in tap water to get a better understanding about the maximal integrative period.
Beside the focus on sorption, a second main aim of our study was to address desorption. Understanding the desorption process is important when considering the behaviour of a sampler after a peak concentration event [15] . Understanding the desorption process is also important when considering the use of performance reference compounds (PRCs) in passive samplers [16] . PRCs are usually isotope-labelled compounds that are pre-loaded into the sampler. From the release of PRCs during deployment, an application specific exchange rate constant can be derived that allows one to quantify/predict in situ sampling rates [17] . This approach produces a better estimate of the TWA concentration.
A few recent studies have touched on desorption of chemicals from POCIS [16] and Chemcatchers [18, 19, 20] , but their results were controversial. Shaw et al. [19] found that the dissipation rates of PRCs could not be used to estimate the effect of field exposure conditions on uptake rates of Empore™ SDB disks. However, Camilleri et al. [20] observed close to isotropic exchange for 3 of 20 compounds that were tested on Empore™ C18 disks covered with a polyethersulfone membrane. Finally, Mazzella et al. [16] proposed labelled deisopropylatrazine as a suitable PRC for the sampling of herbicides by POCIS. A prerequisite for the correct application of PRCs is isotropic uptake and release kinetics [16, 20] . However, polar sorbent phases like SDB (poly(styrenedivinylbenzene) copolymer modified with sulfonic acid groups) are regarded as adsorbents, and uptake and release in such phases is often anisotropic [21] .
In the current study, desorption was addressed in three ways. First, compounds were loaded passively in spiked river water, next it was assessed how well sorbed compounds desorb into river water. Second, to ascertain that sorbed compounds desorbed rather than being lost from the disk via another process (e.g. degradation of compounds after sorption to the disk), we passively sorbed compounds and then determined desorption mass balances in a closed environment (a tap water-filled beaker). Third, in order to assess the "maximum" potential for desorption and investigate if the way compounds are loaded affect the desorption kinetics, compounds were loaded passively and actively (by means of solid phase extraction, SPE) from river water onto SDB disks, subsequently desorption kinetics were assessed in deionised water.
Methods

Preparation and processing of Empore™ SDB-RPS disks
Empore™ SDB disks (47 mm diameter, 0.5 mm thick; Infochroma; AG, Zug, Switzerland) were conditioned with methanol and water [14] and fitted in a steel (2 mm) rectangular housing. An SDB disk was placed on a 70 by 100-mm back plate, and a 70-mm square cover plate, with a 40-mm diameter hole, was placed over the disk. Both plates were screwed tight with four bolts (see Electronic supplementary material (ESM) Fig. S1-S3 ). After deployment, the housing was opened, and disks were stored in 7 ml acetone at −20°C.
Before further processing, frozen SDB disks in acetone were allowed to reach room temperature and shaken on an orbital shaker (30 min). Subsequently, the acetone was transferred to a new vial, and methanol was added to the disk and the disk shaken again (30 min). The acetone fraction was reduced in a vacuum centrifuge to around 0.5 ml, and the methanol fraction was added to the acetone. The solvent mixture was filtered (0.47 μm), reduced to below 0.5 ml and then made up to 1 ml with methanol.
Channel system running with river water Several modifications were made to a channel system (see [22] ) that runs with water from a river (Chriesbach) that carries approximately 10 % of treated sewage effluent and thus background concentrations of a cocktail of polar organic contaminants (see ESM Fig. S4) . A 200-L sedimentation tank was installed (Fig. S5, ESM) , over which 20 Lh −1 of river water was pumped into the channel system, leading to one exchange per day (system volume=480 L). The water in the system was recirculated continuously at a rate of 20 m 3 h −1
, leading to a slight elevation in water temperature (2-8°C above that of fresh river water). Recirculating the water also induced an increase in pH. In order to prevent scaling, a pH control was installed that added diluted HCl (4-5 %) to the channel system and maintained the pH near that of the river (ca. 8).
The recirculating water ran through a 0.5-m wide and 2.0-m long and 0.15-m high Plexiglas channel with a water level of 0.1 m. The inside of both channel walls was fitted with 2-m long Plexiglas inserts with ten evenly spaced pockets into which passive samplers could be placed ( Fig. S3 and S4 , ESM). When samplers were deployed in the channel, a 70 by 100-mm PVC block (20 mm strong) with a 40 mm diameter hole was placed on top of the steel housing, with the hole in the PVC block matching that of the steel sampler housing (Fig. S2, ESM) . This approach created a cavity that is similar to the one for standard Teflon Chemcatcher housing [23] . Flow rates in the channel were between 0.08 and 0.10 ms
at the sides and 0.13 to 0.14 ms −1 in the centre.
At the start of a sorption experiment, a single dose of compounds (for a list of compounds see Table 1 ) was spiked into the channel system, to bring the concentration in the water to the desired level (typically 1 μgL −1 ). To maintain the desired aqueous concentrations, chemicals were dosed into the water by means of an HPLC pump (1 mlmin −1 ).
Samplers were usually deployed after the system had been c Loss of sorbed compounds is only listed when recovery (mass balance) in the beaker was within 60 to 140 % left to "equilibrate" for 2-4 days. During experiments, hourly water samples were taken from the channel system using automated samplers. Aqueous concentrations of the chemicals were measured in 24-h composite samples.
Circular tank for lab studies with tap and deionised water SDB disks in steel housings were placed along the wall of a round Plexiglas tank (0.8 m diameter, 150 mm high, 70 mm water level; ESM, Fig. S6 ). Degassed water (Fig. S7 , ESM) entered the tank near the wall, excess water drained from the tank via a standpipe in the centre. The centre of the tank also held a 0.3-m diameter and 0.2-m high stainless steel mesh (5 mm diameter) circle that contained two submersible pumps. The pumps drew water from within the mesh circle and ejected the water through a single plastic tube that ran from the mesh to the edge of the tank wall, producing a circular water flow within the tank. The flow rate past the surface of the exposed disks was between 0.12 and 0.14 ms
. Water entering the tank could be dosed with compounds using an HPLC pump (1 mlmin
). During experiments, aqueous concentrations were assessed by taking daily grab samples.
Five sorption and desorption experiments- Fig. 1 
Experiment 1-sorption in river water
The channel system was spiked and dosed with chemicals to reach aqueous concentrations of 1 μgL −1 . Eighteen SDB disks were placed in the channel, and duplicate disks were removed over 8 days.
Experiment 2-sorption in tap water
The circular tank was flushed with tap water, and compounds were dosed to reach aqueous concentrations of 0.4 μgL −1 . The concentrations were reduced compared to Experiment 1 (and Experiment 3) because the tap water matrix is less problematic in terms for LC-MS/MS analysis in terms of ion suppression in comparison to river water matrix. Twenty-two SDB disks were placed in the tank, and duplicate disks were removed over 25 days.
Experiment 3-desorption in river water
The channel was spiked to reach aqueous concentrations of 0.5-1 μgL
. Fourteen disks were placed in the channel to be loaded for 12 days ("L12d" disks). On day 11, a set of 18 fresh disks was placed in the centre of the channel in the steel housing only (no PVC block)-to facilitate a rapid sorption of compounds. These disks were to be loaded for 2 days ("L2d" disks). Dosing of chemicals was increased threefold on day 11 with the goal to bring the mass of chemicals sorbed by the L2d disks close to the level of the mass sorbed by the L12d disks.
After 12 days, four L12d and four L2d disks were removed to serve as the initial data point for desorption (t 0 ). Four additional L2d disks were removed and used in Experiment 4 ("Mass balance of desorption in tap water"). Dosing of chemicals was stopped, and the channel system was completely drained and quickly flushed twice with fresh river water. The remaining L2d disks were fitted with PVC blocks and moved to the pockets in the sides of the channel. Desorption in river water was monitored by removing pairs of L2d and L12d disks over 12 days. The desorption potential of compounds from L2d and L12d disks into river water (i.e. percentage loss from SDB disk) was calculated by dividing the mass of a compound remaining in the disks at 12 days by the mass of the compound at the start of desorption (t 0 ) and subtracting it from 100 %.
Experiment 4-mass balance of desorption in tap water
Four L2d disks were moved to the lab, and pairs of disks were placed in two 5-L beakers that were placed on magnetic stirrers (Fig. S8, ESM) . Tap water (1.5 L, 25°C) was added to each beaker, and water in the centre of a beaker was displaced by means of a 250-mL bottle that was are shown in different shades (river water, black; tap water, grey; deionised water, white). In Experiment 5, compounds were also sorbed onto SDB disks by pulling spiked river water through the disks (SPE) suspended about 20 mm above the stir bar. This ensured a quasi-laminar flow of 0.1 ms −1 past the walls of the beakers [11] . Disks in steel holders were suspended against the wall of the beaker with the exposed disk surface facing inwards. Water was renewed every 2 days and stored at 4°C for analysis. The SDB disks were removed after 12 days. The mass balance was calculated by adding the mass of a chemical found in the combined water samples that had been collected over 12 days and the mass of a compound remaining in the disks at 12 days, and offsetting this against the initial mass of the chemical on the disks.
Experiment 5-desorption into deionised water
A set of 23 disks was placed in the middle of the channel that was spiked to 1 μgL −1 ; no PVC blocks were used to facilitate rapid sorption. After 4 days, three disks were sampled to serve as the initial data point for desorption (t 0 ). The remaining disks were placed along the wall of the circular tank that was continuously flushed with deionised water (0.8 Lmin
). Pairs of disks were removed over a period of 22 days.
In addition to the 23 channel loaded disks, a set of six SDB disks was loaded with 1 L of spiked channel water using a vacuum disk manifold system [24] . Two disks served as a reference (t 0 ), and the other four disks were placed in the circular tank. Two of the four disks were removed after 4.5 days, the remaining two after 22 days.
Chemical analysis of 22 chemicals with logK ow values between −2.6 and 3.8
The compounds used and analysed in this study are listed in Table 1 along with their logK ow . One hundred microlitres of a 1-ml SDB disk extract (or a diluted extract) was spiked with 100 μl of a mix of 19 isotope-labelled internal standards and 20 ml of nanopure water was added. Water samples (either 4 or 20 ml) were also spiked with internal standards. Samples were enriched with an online SPE system followed by HPLC-MS/MS analysis [25] . Detection was carried out in the selected reaction mode using one transition as quantifier and another as qualifier. Limits of quantification were determined by signal-to-noise ratio of 10 and the difference between quantifier and qualifier amounting to less than 20 %. All the reported data satisfied these QA/QC criteria.
Data analysis
Sorption data were fitted with Eq. 1, which requires that concentrations of the compounds in water (C w , nanograms per litre) are constant during the sorption experiment [26] .
The amount of a compound (i) sorbed onto the SDB disk is denoted m i (nanograms per disk). K SDBw is the apparent sorption coefficient of the analyte between SDB and water (litres per kilogram); k e (days) is the exchange rate coefficient; m SDB is the mass of the SDB disk (322 mg).
For illustrative purposes, the diuron sorption data were fitted with a two-phase exponential model (Eq. 2).
Where m diuron, rapid and m diuron, slow are the equilibrium amounts of diuron (nanograms per disk −1 ) that show a rapid and slow uptake, k rapid and k slow are the rate constants for the rapid and slow uptake processes (days). Data from desorption experiments in river water were fitted with Eq. 3.
m i (t=0) signifies the amount of a compound (i) in the sampler at the start of desorption and C w is the average background concentration during the desorption experiment in river water. During desorption in deionised water, C w is 0 and the fit was carried out assuming a first-order exponential release. Desorption data were also fitted with a two-phase exponential dissociation model (Eq. 4).
Where m i, rapid (t=0) and m i, slow (t=0) are the amounts of the initially sorbed compound (nanograms per disk) that follow a rapid and slow desorption process and k rapid and k slow are the rate constants for the rapid and slow desorption processes (per day).
The sampling rate (R s ; litres per day) was calculated for various time slots using Eq. 5.
Results and discussion
Extended curvilinear sorption on Empore™ SDB disks One of our aims was to investigate the length of the integrative sampling period of a range of compounds by SDB disks. Based on previous studies [14, 27] , it was expected that the more hydrophilic compounds (logK ow <2) would noticeably start approaching equilibrium with SDB disks within the 8 days of deployment in spiked river water.
However, this was only the case for sulfamethoxazole (Fig. 2a) . Most compounds followed a non-linear uptake process, also the more hydrophobic compounds in our test set (e.g. carbamazepine and terbuthylazine; Fig. 2b, c; see Fig.  S9 , ESM, for all graphs). Two additional sorption experiments in the channel with river water-with fewer time points sampled-produced similar results (data not shown). Based on the results from Experiment 1, the aim of Experiment 2 was to achieve equilibrium for most of the compounds. The sorption experiment conducted in tap water was carried out at a higher temperature, higher flow rate and using the shallow housing only (no PVC block) to accelerate the sorption kinetics compared to conditions in the channel (see R S values in Table 1 ). However, the only compound that approached an equilibrium state in Experiment 2 was again sulfamethoxazole (Fig. 2d) . Other compounds were still clearly in the curvilinear sorption phase, even after 25 days (e.g. carbamazepine and terbuthylazine; ( Fig. 2e-f ; see Fig. S10 , ESM, for all graphs) indicating that the uptake until equilibrium extends much longer than expected.
As sulfamethoxazole approached equilibrium in both sorption experiments, it produced fairly robust fit parameters with the one-phase sorption model (Eq. 1). The estimated value for K SDBw for sulfamethoxazole in river water was 784 and somewhat lower than the K SDBw estimated for sorption in tap water, 1,208. This may be explained by the fact that tap water had a lower pH (pH 7) than river water (pH 8), and thus, more neutral sulfamethoxazole was present in tap water. The difference in k e is perhaps more striking; the sampling rate of sulfamethoxazole from tap water was 40 % higher than from river water (0.15 versus 0.11 L for the first 24 h), yet the k e in tap water was 30 % lower (0.34 versus 0.47 days). It is counterintuitive that the fastest kinetics were obtained under conditions of lower flow rate and deeper housing (thicker aqueous boundary layer) as well as a lower temperature. Again, these observations point to a possible effect of the matrix-river water or tap water-on the sorption process, for example the pH. This could be addressed in specific experiments, for example, by directly comparing river water and tap water in parallel setups (i.e. two circular tanks) or by varying the pH of either tap water or river water.
Sampling rates for the first day of deployment
Both sorption experiments contained a sampling window that was close to the first 24 h of deployment. Consequently, experimental sampling rates were calculated for these sampling windows and adjusted to 24 h rates, i.e. the sampling rate for the first day of deployment. This R S ranged between 0.1 and 0.4 L day −1 for all compounds sorbed from river water ( Table 1) . The
R S values of all compounds sorbed from tap water ranged between 0.1 and 0.8 Lday −1 , with the exception of 5-methylbenzotriazole and benzotriazole. The sorption curves of these two compounds were erratic and R S values were low. One reason for this may be adsorptive processes between the compounds and the stainless steel disk holders [28] , but it is unclear why this effect did not occur in river water. Sampling rates from both sorption trials were highly correlated with the exception of the two anticorrosives (r= 0.92; n=20), this underlines the general robustness of both data sets. When R S values from both sorption trials (Table 1) were fitted with a linear model without an intercept, the slope of the regression was almost 1.85. This shows that the experimental conditions in the circular tank led to an accelerated sorption process that had a fairly constant effect (+85 %) across the range of compounds we tested (Fig. 3a) . As mentioned earlier, accelerated sorption (and higher R S values) in tap water was expected, due to the higher temperatures (26 compared to 13°C), higher flow rate (12 compared to 8 cms
) and the absence of the PVC block and thus a more direct effect of flow closer to the surface of the SDB disk (2 versus 22 mm deep cavity). In fact, we expected that the effect of housing alone-reducing the aqueous boundary layerwould induce a twofold higher sampling rate in Experiment 2, based on a study by Lobpreis et al. [23] .
Generally, R S increased with the logK ow of the sampled compound. Although we do not know the underlying relationship, a linear model produced a reasonable fit (R 2 = 0.68; n=22; Fig. 3b ). Two compounds were particularly far from the linear relationship, phenazone and hydroxy atrazine. It is difficult to evaluate why these two compounds appear as outliers. Perhaps logK ow is only a partial descriptor of the interactions between the tested compounds and the SDB disk. Moreover, the quality of the fit will also depend on the accuracy of logK ow values and the availability of information on speciation to correctly adjust logK ow values to the fraction of neutral species. For example, several zwitter ion structures exist for hydroxy atrazine at neutral pH [29] which causes that logK ow is only a partial descriptor of the interactions between the compound and the SDB disk and less interaction is expected. The logK ow of phenazone we used (0.38, see Table 1 ) is an experimental value [30] and phenazone is neutral at the tested pH. However, several prediction methods (www.vcclab.org/lab/alogps/) estimate a higher logK ow value (1.14±0.66); a higher logK ow for phenazone would improve the correlation between logK ow and R S values. With phenazone and hydroxyl atrazine removed from the data set, logK ow explains 92 % of the variability in R S values (n=20). In Experiment 2, and excluding 5-methylbenzotriazole and benzotriazole, logK ow explained 81 % of the variability in R S values. Hydroxy atrazine was again furthest removed from the linear relationship ( Fig. 3c ; R 2 =0.81, n=20; without hydroxy atrazine, R 2 =0.88, n=19).
Compounds with a logK ow between −2.6 and 3.8 desorb from SDB disks
The desorption experiments clearly show that the sorption process is readily reversible. Of the 22 compounds, sulfamethoxazole generally showed the largest degree of desorption. For example, sulfamethoxazole that passively sorbed onto SDB disks, either on L2d or L12d disks, mostly desorbed from the disks over the 12 days where spiking of the channel ceased and aqueous concentrations dropped to the background levels of the river (between 20 and 70 ngL −1
; Fig. 4a ). Similar patterns were observed for the other more polar compounds in the test set (logK ow <2). An exception being benzotriazole; background levels of benzotriazole in the river water were always elevated, exceeding the level dosed into the channel (ranging up to 8 μgL −1 ). Consequently, after the loading (c) (b) (a) Fig. 3 a Association between the hydrophobicity of a compound (logK ow ; octanol-water partitioning coefficient; including corrections for neutral species, see Table 1 ) and the experimental sampling rate over the first 24 h (R S ) by Empore™ SDB disks in a channel with flowing river water; the line signifies the fit of a linear regression model R S ¼ intercept þ slope log K ow ð Þ . b Association between the logK ow of a compound and R S in a tank with flowing tap water; the line signifies the fit of a linear regression model R S ¼ intercept þ slope ð log K ow Þ. c Correlation between R S values from river and tap water; the line signifies the fit of a linear regression model without intercept R SÀtap water ¼ slopeR SÀriver water À Á phase, no desorption occurred from L12d disks, and L2d disks even continued to sorb benzotriazole due to high background concentrations.
Compounds with logK ow > 2 desorbed only in small amounts (<20 %), which made it difficult to fit a one-phase desorption kinetic curve (Eq. 2; Fig. 4b, c; error bars show the range of the duplicates). Bottom panel: desorption of sulfamethoxazole (g), carbamazepine (h) and terbuthylazine (i) from SDB disks in a circular tank with deionised water; disks were loaded passively (channel; circles and left y-axis) or actively (SPE; squares and right y-axis); lines are fits with a one-phase (Eq. 3, thin dashed line) or a two-phase model (Eq. 4, solid line) for all graphs). Nevertheless, a clear association between logK ow and the desorption potential is apparent (Fig. 5a) . Figure 5d shows a robust correlation between the loss from L12d and L2d disks. Most data are slightly below the 1 to 1 line, meaning that L2d disks desorb proportionally more of a compound than L12d disks. Several hypotheses can be put forward and could be tested in further studies. Possibly the L12d disks have acquired a biofilm that reduces the exchange between the disk and the water. Alternatively, over time, compounds may diffuse deeper into the polymer and are thus less readily available for desorption or require more time to desorb.
Mass balances from the beaker experiment (Experiment 4) evidently show that the loss of compounds from the disks in the channel is not attributable to biodegradation or reduced extraction efficiency, as, for example, the amount of sulfamethoxazole that was lost from the disk could be found in the water (with some margin of error; Fig. 4d ). The mass balance was not within acceptable limits (±40 %) for all compounds, some compounds showed large discrepancies which we could not resolve (Table 1) . Possibly for both benzotriazole and 5-methyl benzotriazole, the desorbed compounds formed complexes with corroded metal parts as it is known for those corrosion inhibitors [28] .
As the water in the beaker was repeatedly exchanged with fresh tap water, background concentrations periodically dropped to 0. This also allowed for a better assessment of the desorption of the less polar compounds (logK ow >2; Fig. 4e, f; see Fig. S12 , ESM, for all graphs). A compound such as terbuthylazine desorbed to 24 % in the beaker, whereas it showed only 11 % desorption in the channel (likely) because of background levels of terbuthylazine in the channel (around 8 ngL ). Also for the beaker experiment, there was a clear association between logK ow of a compound and its potential to desorb from SDB disks (Fig. 5b) . Figure 5e shows that there is a good association between the percentage of a substance that desorbed in the channel compared to the percentage that desorbed in the beaker. Most values are above the 1 to 1 line, as expected, as the experiment in the beaker favoured desorption compared to the channel experiment for several reasons. First, repeated exchanges with fresh tap water ensured low background concentrations. Second, the temperature was higher, increasing the diffusion coefficients. Third, a shallow housing and slightly higher flow rates were used in the beaker; both are factors that increase transfer over the aqueous boundary layer.
Desorption follows a two-phase model
The desorption to deionised water in the circular tank, with more data points during the initial desorption phase and a Table 1 ) and the desorption (perecentage loss) from Empore™ SDB disks in river water (a solid circles, disks loaded in river water for 12 days, L12d disks; open circles, disks loaded in river water for 2 days, L2d disks) and tap water (b) and deionised water (c). Bottom panel, correlations between: the desorption from L12d and L2d SDB disks in river water (d); desorption from SDB disks in river water (SDB L2d ) and SDB-disks in tap water (SDB beaker ; e); desorption from passively (SDB channel ) and actively loaded SDB disks (SDB SPE ; f). Lines indicate 1 to 1 relationships faster kinetic (higher flow rate, a flat SDB disk housing and a higher temperature), provides further insight into the desorption kinetics. In addition to a one-phase desorption model (i.e. Eq. 3 with the condition that C w =0) a twophase desorption model was fitted (Eq. 4). This two-phase model gave an excellent fit, whereas the one-phase model did not align with the data (Fig. 4g-i, see Fig. S13 , ESM, for all graphs); this is markedly different from observations made on polyethersulfone-covered C18 disks [ [20] , where desorption followed a one-phase model. The initial and rapid desorption phase from SDB may represent the fraction of a compound that is sorbed superficially to the disk; the second and slower desorption phase the fraction located deeper into the disk. Some evidence for this hypothesis comes from disks that were loaded with compounds by pulling spiked water through them in an SPE device. Terbuthylazine data show that the desorption of disks loaded by means of SPE clearly lagged the desorption of passively loaded disks (Fig. 4i) . When we correlated the loss from actively (SDB SPE ) and passively loaded disks (SDB channel ), it was evident that passively loaded compounds generally desorbed to a proportionally larger extent than actively loaded compounds (Fig. 5f ). The effect was largest for metolachlor (factor 2), where 25 % of passively loaded metolachlor desorbed, whereas only 12 % of actively loaded metolachlor desorbed. When actively loading disks, a larger portion of the compound may end up deeper into the disk than when disks are loaded passively. The portion of the compound that ends up deeper inside the disk may be less readily available for desorption. This observation may explain why some researchers experienced difficulties with desorption studies using SPE-loaded Empore™ disks (e.g. [19] ). Furthermore, this observation may explain the differences observed for L2d and L12d disks (Fig. 5d) , in that L12d disks desorb less of a compound compared to L2d disks. Again, this may be caused by the fact that compounds diffuse deeper into the disk over time (i.e. in L12d disks) and are thus less readily available for desorption.
Results from the various desorption trials stress the need for future work where transport or penetration of compounds into and out of the Empore™ disks has to be addressed. Possibilities would be to use stacks of Empore™ disks, similar to using stacks of PDMS sheets as described by Rusina and co-workers [31] or cutting layers from passively exposed Empore™ disks using a cryostat (microtome).
A one-phase sorption model does not produce robust K SDBw values
In light of the observation concerning a two-phase desorption process-and for illustrative purposes-we fitted the diuron sorption data from Experiments 1 and 2 with a twophase model (Eq. 2, Fig. 6 ). The inclusion of the two additional parameters did not noticeably affect the quality of the fit during the (slow) sorption in river water (Fig. 6a) , but did slightly improve the fit during the (accelerated) sorption in tap water (Fig. 6b ). This would imply that for some conditions and some substances, there may be a fast sorption phase with low capacity (possibly superficial adsorption) that is followed by a slower phase with a higher capacity (possibly requiring diffusion deeper into the disk); alternatively, sorption may involve both adsorptive and absorptive process. Although the difference between the two fits appears small, i.e. clearly within the uncertainty of the data, the effect becomes very large when extrapolating the data to obtain the fitted equilibrium values for the apparent partitioning coefficients and the rate constants (Fig. 6c) . Consequently, although the one-phase sorption model matches the data rather well over the experimental period (i.e. R 2 >0.99), it is not clear if and how it can be extrapolated beyond 8 days (or 25 days). This questions the robustness of fitted values for the parameters K SDBw and k e , and thus, we do not report K SDBw and k e values.
Implications for use of SDB-RPS Empore™ disks as passive samplers
The fact that sorption and desorption do not appear to show isotropic kinetics-for any of the tested compounds-signifies a possibly prohibitive obstacle with respect to developing PRCs in combination with SDB-RPS. However, in which way sorption and desorption are indeed not isotropic requires confirmation in an experiment where these processes are investigated simultaneously in a single experiment [32] .
As the exact sorption model is not certain and uptake is not fully linear, the most appropriate sampling rate, needed to calculated TWA concentrations from field data, will be generated when the duration of the calibration period matches the duration of field deployments. In addition, it is advantageous to determine sampling rates under realistic environmental conditions (e.g. using river, lake or waste water and appropriate flow rates). For example, the pH of the sampled matrix may affect speciation of compounds (e.g. sulfamethoxazole) and thus uptake into SDB disks. Finally, the fact that significant desorption can occur is problematic when the intended use of an SDB disk-based passive sampler is to integrate fluctuating concentrations into TWA concentrations as desorption may lead to an underestimation of the TWA concentration.
